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ABSTRACT 

The radical cost reductions in computer hardware 
brought about by large scale integration (LSI) has motivated 
this feasibility study which explores the use of the INTEL 
8080 as a ballistics computer in a distributed micro-computer 
based airborne tactical weapons system. 

The results show that software floating point arithmetic 
using a sixteen bit mantissa is sufficiently accurate for 
solving the ballistics problem. 

Experimental data failed to show that the mathematical 
model accurately predicts the weapon's behavior. Either the 
instrumentation to record the release data was inaccurate, 
or the ballistics tables do not accurately predict the 
actual behavior of falling weapons. 
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I. INTRODUCTION 



Military airborne tactical weapon systems have been 
designed and implemented primarily to aid the aircrew in 
performing their mission with accuracy and speed. This 
usually means that a shorter time is spent over target 
which increases the survivability of both the weapon 
systems platform and the aircrew. 

The system presently employed on board the A6E, one 
of the Navy's attack aircraft, utilizes an IBM 4 PI series 
mini-computer to perform two major functions. 

1. Navigation. 

2. Solution of the ballistics problem. 

In addition, several other related functions are performed 
by the system. 

3. It provides steering commands. 

4. It provides real-time display of sensor information. 

5. It provides release pulses to the weapon at the 
appropriate time. 

A. FEASIBILITY STUDY 

This thesis will attempt to prove the feasibility of 
implementing an airborne tactical weapons system using 
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mic ro -computers . Two important questions must be answered 
in order to establish the feasibility of using a micro- 
computer in a tactical weapons system: 

1. Is the micro-computer accurate enough? 

2. Is the micro-computer fast enough? 

The accuracy problem was approached by executing the ballis- 
tics algorithm on an IBM system 360 using a 21 to 24 bit 
mantissa in the standard floating point format and comparing 
the results of the same algorithm executed on an INTEL 8080 
micro-processor with a 16 bit floating point mantissa. The 
question of speed was answered by executing the ballistics 
algorithm for mraierous weapon types and initial conditions 
and observing the elapsed clock time. 

B. VERIFICATION 

The second aspect of this thesis was to verify that the 

/ 

ballistics algorithm corresponded to published tables as 
well as experimental data. The NAVAIR 01-lC-lT-l ballistics 
tables were used to compare time of fall and down range 
travel against the results of the FORTRAN version of the 
ballistics algorithm. A total of 1813 different initial 
release conditions were examined spanning 18 different 
weapon types, various dive angles from +10 degrees to -60 
degrees, altitudes from 500 feet to 15,000 feet, and air- 
speeds from 300 knots to 650 knots. 
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The source of experimental data was a set of data cards 
recorded by the bombardiers of an A-6E squadron over a 
period of one year. The data for each bomb drop consists 
of 24 various computer readouts at the instant the weapon 
is released from the aircraft as well as the hit coordinates 
of the weapon. This information is used to determine the 
initial conditions for the ballistics equations. Unfortun- 
ately a critical parameter, the dive angle, was recorded 
only to the nearest degree. Consequently an error analysis 
was conducted to determine the maximum error which could be 
expected from the rounding of the output data. 

C. PRESENTATION OF THE THESIS 

Chapter II explains the organization of a distributed 
micro-computer airborne tactical weapons system and dis- 
cusses how the output of each subsystem is integrated with 
the entire system. The ballistics problem and the deriva- 
tion of the differential equations used to- describe the 
mathematical model are discussed in detail in Chapter III. 
Since no analytical solution exists for these equations, a 
simplified version of the model is solved analytically to 
gain insight. 

Chapter IV explores the feasibility of using micro- 
processors in an airborne tactical weapons system. 
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Aspects of accuracy and speed are examined. Factors in 
attempting verification of the ballistics algorithm and 
experimental data with the NAVAIR 01-lC-lT-l ballistics 
tables are contained in Chapter V. 

Chapter VI presents the results of this thesis. The 
conclusions and recommendations of the author concerning this 
thesis are written in Chapter VII. 

Appendix A contains the output from the FORTRAN program 
comparing the FORTRAN and PLM versions of the ballistics 
algorithm. Appendix B presents the same comparison between 
the FORTRAN version of the ballistics algorithm and the 
ballistics tables. Appendix C is a listing of the experi- 
mental data as they were recorded from the cockpit readouts 
of various A-6E aircraft. Appendices D and E are the results 
of the experimental delivery data compared against the 
FORTRAN version of the ballistics algorithm (approximating 
the ballistics tables), using two sets of drag coefficients. 

The ballistics algorithm used in this thesis is the 
SIGMA version of the BOEING ALGORITHM modified by the Naval 
Weapons Laboratory at China Lake, California, The algorithm 
was further modified at the Naval Postgraduate School in 
Monterey, California for eventual implementation on the 
ballistics processor of the multiple micro-processor tactical 
weapons system. 
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II. BACKGROUND 



To provide a better understanding of the role the 
ballistics processor plays in the multiple processor 
system, a brief overview of the proposed system will be 
discussed. The computer system is composed of three micro- 
processors: a navigation computer, a ballistics computer, 

and an executive computer. Each machine is dedicated to 
the process to which it is assigned instead of sharing 
resources of a single processor as in the present opera- 
tional systems. 

A. THE NAVIGATION COMPUTER 

The navigation computer is a basic element to all 
tactical systems. In present operational systems, the 
navigation program is executed periodically to update the 
present position by the change in position since the last 
time increment. The navigation computer utilizes input 
from four major sensor instruments as its primary source 
of information. 

1. The Inertial Navigation System. 

2. The Doppler Radar. 

3 . The Air Data Computer . 

4 . The S earch Radar . 
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The inertial navigation system provides heading 
(azimuth), attitude (roll and elevation), and velocity 
increments in the X, Y, and Z directions. The doppler 
radar is a velocity sensor that utilizes the doppler shift 
principle to measure ground track speed and drift angle. 

The ground speed and drift angle derived from the doppler 
radar along with the true heading from the inertial naviga- 
tion system are used to calculate the direction and magni- 
tude of the wind. The air data computer uses the ambient 
static pressure and ram air pressure from the pitot tube 
to calculate corrected static pressure, pressure altitude, 
and mach number. Outputs from the air data computer are 
used to damp the raw velocities from the inertial system. 

The search radar provides target aximuth, range, and eleva- 
tion signals to the navigation computer. The search radar 
elevation along with the aircraft elevation from the inertial 
system are used to measure the radar depression angle (look 
down angle to target from flight path vector). The depres- 
sion angle and search radar slant range are used to compute 
ground distance to the target independent of altitude. 

As the navigation computer calculates new incremental 
distances for each time increment, the present position 
is continuously updated. After each update, the executive 
computer is interrupted and the current value is passed to 
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it. If the navigation computer is functional, the aircrew 
will have current present position information independent 
of the status of the executive computer. 

B. THE BALLISTICS COMPUTER 

The ballistics computer is provided with the most current 
estimates of position and velocity of the aircraft. It is 
also provided with the weapon type selected by the aircrew. 

The ballistics algorithm computes the down range travel 
and time of fall for the weapon based on the airspeed, dive 
angle and altitude of the aircraft. The ballistics algorithm 
will be discussed in depth in Chapter III. 

C. THE EXECUTIVE COMPUTER 

The executive computer displays the information generated 
by both the ballistics and navigation computers. The execu- 
tive computer is also responsible for issuing steering 
commands to the autopilot and firing pulses to the weapons 
release mechanism. The most important task the executive 

I 

computer performs is to extrapolate a predicted weapon release 
point based on a time history of the position and velocity 
of the aircraft. Thus, even though the other two computers 
can operate independently, the aircrew cannot make a computer 
delivery without the executive computer. 
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D. THE COMMUNICATIONS SCHEME 



Because of the inherent hierarchy between the computers 
involved, the master-slave t5rpe of multiprocessing is the 
most suitable and simple form to implement. The navigation 
and the ballistics computers act as peripheral devices of 
the executive computer, resulting in a one way interrupting 
scheme. The only computer which has to be interrupted is 
the executive computer. The navigation and ballistics 
computers are the dedicated slaves which asynchronously 
interrupt the executive computer. 
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FIGURE 1. ORGANIZATION OF MULTIPLE PROCESSOR AIRBORNE 
TACTICAL WEAPONS SYSTEM 
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III. BALLISTICS PROBLEM 



Since the earliest days of aerial warfare, the heart of 
the ballistics problem has been to drop a bomb from an air- 
borne weapon platform and to consistently hit a target. The 
problem still exists today; however, with the aid of a 
computer the problem can be quickly and accurately solved. 
This necessitates the development of a mathematical model 
which approximates the actual path a weapon travels through 
space. Statistically, projectiles have been shown to follow 
predictable paths which behave very much like freely falling 
bodies described by Isaac Newton. 

A. THE MATHEMATICAL MODEL 

The ballistics problem can be described as a body 
falling through space according to Newton's second law of 
motion. The mathematical model or equation governing the 
trajectory of a ballistics projectile is a second order 
differential equation: 

ma = mg - c jvjv (1) 

where: m = mass of the body 

a = acceleration vector 
g = acceleration due to gravity 
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c = drag coefficient 
V = velocity vector 

The term c(|v|v) is the drag due to the air resistance of 
the body and is proportional to the square of the velocity. 

At the time the projectile is released from the aircraft 
it will have an initial position and velocity. The differ- 
ential equation together with the initial conditions 
uniquely determines the trajectory of the projectile. 

This particular mathematical model was chosen for two 
reasons : 

1. It approximates reality accurately. 

2. The Navy publishes range and time of fall 
information in tables (NAVAIR 01-lC-lT-l) 
which uses this model. 

The latter is the primary reason for using the ballistics 
tables as a standard or guideline in the verification of 
any new mathematical models or program implementations . 

B. BASIC ASSUMPTIONS 

Unfortunately there is no known analytical solution for 
this set of differential equations. However, a simpler 
problem does have an analytical solution. Thus, for the 
sake of simplicity and to aid in the discussion of this 
solution, let us first assiime: 
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1 . 



Level, non-accelerated flight. 

2. Bombs are not ejected from the bomb rack. 

3. No forward firing ordnance. 

4. Drag/wind resistance is negligible. 

5. Time of release is time = 0. 

In addition, this discussion also assumed: 

6. The Earth is flat and non-rotating. 

7. The gravitational attraction, g, is constant. 

C. DERIVATION OF DOWN RANGE TRAVEL 

Rewriting equation (1) with respect to the time deriva- 
tives of the position vector, say u, the equation becomes: 



By letting u = (x,y) , equation (2) is transformed into a 
system of two equations describing motion in a two dimen- 
sional coordinate system. 



mu = mg - c j u I u 



( 2 ) 




X 



(3) 




y 



(4) 



Initial conditions for the system are derived from the re 
lease position and velocity vectors of the aircraft: 



Position 



Velocity 



x(tQ) = r^(t(,) 

y(tQ) = ry(tp) y(tg) = 

As a result of the assumption that air resistance is 
negligible and the aircraft's velocity and position deter- 
mine the initial conditions, equations (3) and (4) are 
simplified to 

initial conditions 

mx =0 x(0) = r^(0) x(0) = r^(0) 

my = -mg y(0) = ^^.(0) y(0) = r^CO) 

The solution of these two equations is obtained by dividing 
by the constant m, integrating twice with respect to time, 
and solving for the constants of integration. 

-> x(t) = C]^ 

x(t) = 

= i(0) - rj^(O) 

Cj = x(0) = r^(0) 

x(t) = r (0)c = r (0) (5) 

where : 



fi 



(t) dt = fO dt 
x(t) dt 



' h 



dt 



when t = 0: 



therefore , 
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x(t) = total down range travel after release, 
r (0) = initial displacement x(0) of weapon 
at the time of release, usually 0, 
r„(0)t = down range travel due to initial velocity. 

y(t) = -gt + c^ 

y(t) = -%gt^ + c^t + 

c^ = y(0) = r^(0) 

C2 = y(o) = ^y(O) 

y(t) = -%gt^ + ry(0)t + r (0) (6) 

where : 

y(t) = the height above the groxmd at any time t. 
r^CO) = initial altitude y(0) of weapon at time of release. 
ry(0)t = altitude loss/gain due to aircraft's initial 
vertical velocity. 

2 

= altitude lost due to gravity. 

If the time from weapon release to weapon impact , or 
time of fall, is known, the ballistics problem is reduced 
to determining the down range travel , x( t*) , given its 
initial -velocity, r (0) and the time of fall, t*. Time of 



y(t) dt = I -g dt 



^(t) dt = J-gt+c^ dt 



when t = 0: 



therefore, 
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fall can be found by setting equation (6) to 0 and solving 
for the positive root of t. 



-%gt^ + ry(0)t + r^(0) = 0 



Using the quadratic formula: 



t* = 



-b 



-V 



b - 4ac 



/ 2a 



where : 
a = 

b = 

c = 



-g/2 

iy(0) 

ry(0) 



t* - 



iy(0) + iy<ry(0))" + 2gry(0) 

g 



By substituting time of fall, t*, into equation (5) 



x(t*) = r (0)t* + r (0) 

X X 



down range travel, DRT, can be calculated. 



DRT = x(t*) = r^(0) 



ry(0) + Y(^y( 0))2 + 2gry(0)' 



g 



+ r^(0) 



Since the coordinate system is arbitrarily placed, 
assxime initial displacement, r (0) , to be zero at the time 
of release. Also, since level non-accelerated delivery is 
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assvuned, initial vertical velocity, r^CO) , is zero. The 
expression for down range travel now becomes: 



DRT = r (0) 



X 






2ry(0) 



g 



In reality the problem must take into account the con 
straints placed on the problem earlier. Wind, drag, 
vertical velocity, and non-level delivery prarmeters make 
the solution more difficult. Solution in this case is 
accomplished nxamerically using a second order Runge-Kutta 

I 

scheme on a digital computer. 
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IV. MICRO -COMPUTERS IN AIRBORNE TACTICAL WEAPON SYSTEMS 



The question of whether or not micro -computers are 
feasible in an airborne tactical weapon systems environment 
was approached by first translating the ballistics algorithm 
into two high level languages, FORTRAN and PIM. (See Ref. 

3) . The FORTRAN version was executed on the IBM system 360 
and the PIM version was executed on the INTEL 8080 micro- 
processor. Thus, if the same algorithm is executed on two 
different machines, the INTEL 8080, whose floating point 
mantissa has 16 bits and the IBM 360, whose floating point 
mantissa has 21-24 bits, then the differences in results 
can only be attributed to the difference in the precision 
of the two machines. 

A. THE QUESTION OF ACCURACY 

The solution of the ballistics problem requires solving 
a set of four differential equations numerically on a digi- 
tal machine. This necessitates ntmerous arithmetic opera- 
tions, including multiplication and division. 

Since micro -computers presently lack hardware multiply 
and divide functions, a software package capable of perform- 
ing floating point arithmetic operations must be used. 
However, this requires a significant amount of additional 
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computing time in the solution of the ballistics problem. 

As a result an alternate design in computer architecture 
was explored which utilizes three INTEL 8080 micro-processors 
instead of one, as in the mini-computer systems. In this 
multiple micro-processor system, each processor is dedicated 
to each of the primary functions of the system: executive, 

navigation, and ballistics computations. 

The floating point mathematical package used in conjunc- 
tion with the ballistics micro-processor uses a three byte 
binary representation with a 16 bit mantissa and an 8 bit 
exponent. The mantissa is left justified so that the most 
significant bit is always on and need not be stored, giving 
a full 16 bits of precision. The exponent is expressed as 
a power of 2 where the most significant bit serves as the 
sign bit. This three byte number is used instead of a con- 
ventional four byte scheme in order to reduce the time needed 
to perform the calculations necessary to solve the ballistics 
problem. 

IBM's system 360 computer utilizes a four byte floating 
point hexadecimal n;omber with a 21 to 24 bit mantissa and 
an 8 bit exponent. Since this method requires the first 
byte to have the value 1 to F (hexadecimal) , the precision 
of the mantissa can vary between 21 bits (when the leading 
three bits are zero) and 24 bits. The exponent is expressed 
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as a power of 16 and also contains the sign bit. An 
obvious advantage the IBM 360 has is that it does floating 
point arithmetic in hardware which makes it approximately 
two orders of magnitude faster than the software version. 

The INTEL 8080 micro -computer uses 8 bit operations and 
has the option of using double precision (16 bit) operations. 
The double precision operation permits multiplications and 
division to be performed as sequences of 16 bit additions 
and subtractions. Then, if the mantissa is kept left 
justified (16 bit precision) , the double precision feature 
can be used to maintain 16 bits of precision throughout the 
calculation. If more precision is desired, such as 21 or 
24 bits of precision, a quantum jtamp in execution time can 
be expected because of the additional computer cycles 
required. 

It is the intention of this thesis to show that the 
loss of one byte of precision will not significantly affect 
the results of the ballistics solution. The accuracy with 
which a weapon is delivered depends greatly upon the 
accuracy and precision of the sensor supplied information. 

The loss of one byte of precision only affects the sixth 
most significant digit which is an order of magnitude more 
precise than most of the input sensors on board attack 
aircraft. This then is the motivation to compare the 



28 



results of a FORTRAN ballistics algorithm executed on the 
IBM system 360 with the same algorithm translated into PLM 
and executed on the INTEL 8080 micro-computer. 

B. THE QUESTION OF SPEED 

The second area of interest is the question of speed. 

At the time this thesis was written, an LSI (large scale 
integration) "chip" existed which could perform the floating 
point multiply and divide operations at the cost of $270. 
However, due to budgetary constraints this equipment was not 
readily available for experimentation. The hardware float- 
ing point "chip" can execute approximately 100 times faster 
than the software floating point package. For example, a 
multiply operation in the software package takes approxi- 
mately 600 microseconds to execute whereas the hardware 
package executes a multiplication in 6 microseconds. A 
hardware multiply and divide operator was also developed 
and constructed as a micro-computer course project at the 
Naval Postgraduate School and was demonstrated to function 
at 60 microseconds. 

By interrupting the program during execution and record- 
ing the location of the program address register, it was 
determined that the ballistics program spends about 927o of 
its execution time in the floating point package. According 
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to Jupin (Ref. 3) the execution time of each solution was 
proportional to the calculated time of fall. These results 
were confirmed by executing nearly 1800 separate calculations. 
The time to calculate the predicted release point proved to 
be about 10% of the calculated time of fall. Linhares 
(Ref. 2) was able to show that the ballistics algorithm was 
fast enough for certain initial conditions, however for high 
airspeeds and low altitude release conditions his extrapola- 
tion technique was not usable. 

A substantial amount of the time the program spends in 
the floating point package (about 92%) is spent in the 
multiply and divide procedures. Using either the commercially 
produced "chip" or the locally constructed hardware multiply 
and divide operator, a significant reduction in execution 
time would result. Although this thesis will not answer the 
question of speed with an unqualified yes, it supports the 
finding that the ballistics processor is fast enough. 
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TRIAL 


TOTAL 
NUMBER OF 
INTERRUPTS 
ATTEMPTED 


NUMBER OF 
INTERRUPTS 
PROGRAM WAS IN 
FLOATING POINT 
PACKAGE 


PER CENT OF 
TIME PROGRAM 
SPENT IN 
FLOATING POINT 
PACKAGE 


1 


323 


289 


89.5 


2 


343 


319 


92.0 


3 


367 


346 


94.3 


TOTAL 


1033 


954 


92.4 



TABLE 1. AMOUNT OF TIME BALLISTICS PROGRAM SPENDS IN 
THE FLOATING POINT PACKAGE 
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V. VERIFICATION OF DOWN RANGE TRAVEL 



Two separate verifications of down range travel were 
made, using the ballistics tables as a "standard." First, 
the FORTRAN and PLM versions of the mathematical model, 
previously discussed, were tested against the ballistics 
tables. Second, observed data was compared against the 
FORTRAN version for accuracy in time of fall and down 
range travel. The FORTRAN version was executed on the 
IBM 360 (32 bit machine) , while the PLM version was executed 
on the INTEL 8080 micro -computer utilizing a 24 bit floating 
point mathematical package on an 8 bit machine. 

A. THE BALLISTICS ALGORITHM. - FORTRAN VS. PLM 

A straight forward comparison between the FORTRAN version 
and the PIM version of the ballistics algorithm was made 
contrasting the down range travel and time of fall. An 
input/output interface was written to the PIM program so 
that data could be read from a floppy disk and the results 
written onto the same device. The floating point package 
was also modified in order to execute on the INTEL 8080 
and a logic error in the multiply procedure was corrected. 

The FORTRAN program (Ref. 3) was virtually unchanged, 
however a statement was added to the TRAJ subroutine to 
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patch a logic error affecting the second stage trajectory 
calculation. 

B. OBSERVED DATA VS. BALLISTICS TABLES v 

Since the ballistics tables are considered a "standard" 
against which various types of ballistics results are com- 
pared for validity, a comparison between observed results, 
obtained from the A6-E experimental data, and the ballistics 
tables (NAVAIR 01-lC-lT-l) was desired to establish a 
correlation between the two. However, several problems 
were encountered in making the comparison. 

1. Predicted Down Range Travel 

The initial conditions of the observed data are 
not compatible with those of the ballistics tables. The 
observed data has initial conditions composed of various 
dive angles, altitudes, and airspeeds, whereas the ballis- 
tics tables' initial conditions are multiples of 50 and 
100 for altitude and airspeed, and zero for dive angle 
(only considering level delivery) . Two apparent solutions 
to this difficulty are (1) the error sensitivity tables 
and (2) interpolation of the ballistics tables. However, 
both have disadvantages . 

The error sensitivity tables failed to help because 
the corrections are based on maintaining a constant sight 



33 



line (mil setting) rather than keeping down range travel 
constant. For example, in a level delivery situation the 
error sensitivities table assumes a constant sight line 
and varies the down range travel by affecting corrections 
to the altitude. Therefore, if the altitude is higher 
than planned and the sight line is maintained, the hit 
will be short. However, the problem using observed data 
requires a constant down range travel to target, applying 
correction for altitude and airspeed. Therefore, the 
error sensitivity tables could not effectively be used in 
this case. 
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HIGH RELEASE HEIGHT 



PLANNED RELEASE HEIGHT 




\ LOW RELEASE HEIGHT 



SHORT TARGET LONG 

FIGURE 2. 

EFFECTS OF BALLISTICS TABLES ERROR SENSITIVITIES FOR HEIGHT 



HIGH RELEASE HEIGHT 



PLANNED RELEASE HEIGHT 




SHORT TARGET LONG 



FIGURE 3. DESIRED ERROR SENSITIVITIES FOR BALLISTICS PROBLEM 
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The ballistics tables are not linear. Second and 



even third order interpolation would be required to deter- 
mine down range travel on anything other than a cardinal 
altitude or airspeed. This process is extremely tedious 
and time consuming and was abandoned as impractical. 

As a result, an accurate substitute for the ballis- 
tics table value for down range travel was sought. Using 
the ballistics tables for the MK-76 mod-5 practice bomb, 

96 data points were selected from all dive angles, air- 
speeds, altitudes, and tested against the FORTRAN ballis- 
tics program. Time of fall and down range travel compared 
favorably with a mean error of 0.23% for down range travel 
and 0.11% for time of fall. This was considered accurate 
enough to be used as an approximation for the ballistics 
tables' value for down range travel. 

2. Wind Effect 

The wind plays an important and rather subtle role 
in determining the total down range travel. First, assuming 
a no wind condition, the down range travel, DRT, is computed 
in the direction of the true heading. Since no wind is 
present to deflect the projectile, the true heading and 
ground track will coincide and the down range travel along 
the true heading and ground track will be equal. 
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Now consider the wind. If a coordinate system 
(x,y,z) is introduced such that the air does not move with 
respect to the coordinate system, then an aircraft in this 
air mass has velocity with respect to the air mass and its 
heading will be the true heading. Because the air mass 
moves with respect to the ground with the wind velocity, 
w = (w„, w„, w ), the Earth fixed coordinate system 
(x' ,y' ,z') is related to(x,y,z) by the following equations: 

x' = X + w^t 

y' = y + Wyt 

z' = z + w^t 

Considering only the horizontal wind, the vertical 
wind, W2, becomes zero. Down range travel can now be deter- 
mined given an initial altitude, z, and air velocity, V, 
and will be in the direction of the true heading. To 
determine the point (x',y') in the Earth fixed coordinate 
system at which the weapon lands requires; 

x' = x(tof) + w * (tof) 
y' = y(tof) + * (tof) 

For example, given the same initial conditions, down range 
travel will be computed, as before, in the direction of the 
true heading. However the aircraft will drift with the 
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wind and will actually move across the ground on a differ- 
ent heading, called ground track. Since DRT is computed 
along true heading, the projection of DRT onto the ground 
track is that distance the projectile will travel due to 
the initial conditions alone. 

PROJECTED DRT = cos(TH-GT) * DRT 

The down range component (along the ground track) of DRT 
due to wind is computed as follows : 

X-COMP = -cos(WDIR-TH) * WKTS * TOP 1.6867 

where: 

X-COMP = down range component of DRT due to wind 
WDIR = true wind direction 
TH = true heading 
WKTS = wind speed in knots 
TOF = time of fall in seconds 
1.6867 = conversion from knots to ft/sec 
This distance added to the PROJECTED DRT gives the WIND 
CORRECTED DRT which is the total DRT the projectile will 
travel in a moving air mass. 

WIND CORRECTED DRT = X-COMP + PROJECTED DRT 
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3. Observed Slant Range 



The experimental data taken from the A-6E aircraft 
during actual drop conditions provides many useful delivery 
parameters, sensor readings, .and intermediate calculations. 
However, the one piece of information needed to make the 
desired comparison, down range travel, was missing. But 
various other parameters were available, and DRT could be 
reconstructed by several different methods. The problem 
was to determine which method is the most accurate, 
a. Method for DRT Calculation 

Slant range to the target and search radar 
depression angle (look down angle from flight path vector) 
is made available by the search radar, Down range travel 
simply becomes 

DRT = cos (DEPANG) * SR 

where : 

DEPANG = search radar depression angle 
SR = search radar slant range to target 

A second method takes advantage of the aircraft's 
present position altitude and target altitude to compute 
vertical separation and down range travel. 

VERT SEP = PPA - TGT ALT 
DRT = cos arsin(VERT SEP / SR) * SR 
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where : 

VERT SEP = vertical separation 

PPA = inertial derived present position altitude 

TGT ALT = target altitude 

A third and final method of computing down 
range travel uses the vertical separation generated by the 
ballistics program on board the A-6E aircraft. 

DRT = cos arcsin(VERT SEP / SR) * SR 

b. Error Analysis 

An error analysis was conducted to determine 
which method would produce the most accurate value for 
DRT. This would yield a maximum error bound which can be 
expected in DRT due to this method of calculation. The 
third relationship proved to have the smallest error bound 
and was eventually used to reconstruct the down range 
travel from the experimental data. 

For example, the maximum error boxmd on the 

relationship 



DRT = cos arsin(VERT SEP / SR) * SR 

is the stmi of the partial derivatives of DRT multiplied by 
their tolerances. 
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|Asr 

The third method of computing down range travel will serve 
as an example for this procedure. 



Adrt 



aPRT 

a VERT SEP 



Avert sep 



0DRT 

aSR 



DRT = cos arsin (VERT SEP / SR) * SR 



The partial derivative of DRT with respect to VERT SEP 



becomes: 



0DRT 
a VERT SEP 



SR 




- (ALT)'^ 



The partial derivative of DRT with respect to ALT becomes: 



0DRT _ 

a ALT - } 2 2 

Y(SR) - (ALT) 



the error bounds are: 



VERT SEP = HK).5 feet (rounded to the nearest foot) 

SR = +5.0 feet (rounded to the nearest 10 feet) 
Therefore, the maximum error bound that can be expected from 
rounding error of actual delivery data becomes : 



= 0.5(SR) + 5.0(ALT) 

Y(SR)^ - (ALT)^ 

This analysis was performed using all three 
methods of constructing down range travel. The third 
method was found to be the most accurate with a maximum 
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error bound of 5.2 feet and was the method used to construct 
the down range travel from the freeze data. 

4. Hit Distances 

The hit coordinates of the experimental data were 
not utilized because the computer bases its calculations 
on the location of the search radar cursors. If the cursors 
are not properly placed, the weapon, most likely, will not 
hit the target. However, for the slant range measured by 
the search radar set, the down range travel and time of 
fall will be calculated accurately and the weapon will hit 
' the ground in the proximity of the cursor placement. 



I 
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VI. PRESENTATION OF RESULTS 



A. FORTRAN VS. PIK 

Appendix A contains the results of comparing identical 
ballistics algorithms: a FORTRAN program which is a Naval 

Postgraduate School modification of the Naval Weapons Center 
BOEING algorithm, and a PIM version of the same algorithm 
(Ref. 3) . The difference between the procedures is that 
the FORTRAN program uses the standard IBM 21 to 24 bit 
mantissa for its floating point number, whereas the PIM 
version uses a 16 bit mantissa. 

A siammary of the results is presented in Table 2. 

With the exception of weapon n\jmber five (MK-76 MOD-5) 
the largest average difference in down range travel (DRT) 
was 1.6 feet and the maximum absolute difference in DRT 
was 17 feet, which occurs when DRT is 8,332 feet. Weapon 
number five is suspected to have a coefficient error, 
although none have been discovered. 

Overall these results indicate that the sixteen bit 
mantissa is sufficiently accurate to perform the ballistics 
algorithm. 
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WEAPON 

ID 

NUMBER 


AVERAGE 
PER CENT 
IN DRT 
(feet) 


AVERAGE 
PER CENT 
IN TOF 
(seconds) 


MAXIMUM 
PER CENT 
IN DRT 
(feet) 


MAXIMUM 
PER CENT 
IN TOF 
(seconds) 


4 


0.0191 


0.1733 


0.18 


0.68 


5 


0.1150 


0.5622 


0.72 


2.24 


6 


0.0070 


0.0745 


0.03 


0.31 


7 


0.0200 


0.0200 


0.17 


0.60 


8 


0.0152 


0.1318 


0.13 


0.66 


9 


0.0160 


0.0886 


0.03 


0.58 


10 


0.0141 


0.0830 


0.13 


0.56 


11 


0.0158 


0.1066 


0.12 


0.55 


12 


0.0128 


0.0744 


0.16 


0.41 


13 


0.0077 


0.0498 


0.05 


0.28 


14 


0.1661 


0.0938 


0.16 


0.59 


15 


0.0102 


0.0728 


0.06 


0.37 


16 


0.0151 


0.0899 


0.20 


0.62 


17 


0.0062 


0.0269 


0.02 


0.13 


18 


0.0103 


0.0056 


0.03 


0.02 


20 


0.0072 


0.0167 


0.02 


0.04 


21 


0.0147 


0.0105 


0.04 


0.02 


22 


0.0107 


0.0080 


0.03 


0.02 



TABLE 2. SUMMARY OF FORTRAN VS. PLM RESULTS 
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B. BALLISTICS TABLES VS. FORTRAN RESULTS 

The ballistics tables were compared against the results 
of the FORTRAN version of the ballistics algorithm. Appen- 
dix B contains the results for a variety of initial condi- 
tions and weapon types. The results indicate substantial 
discrepancies between the ballistics tables and the FORTRAN 
program. The latest version of the Naval Weapons Center's 
ballistics algorithm (including revised drag coefficients) 
still does not resolve these differences. Table 3 gives a 
simmnary of the data in Appendix B. Weapon nimiber five 
(MK-76 MOD-5), which was used in the experimental data 
shows reasonable accuracy for the range of parameter 
values used in the experiment. 
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WEAPON 

ID 

NUMBER 


AVERAGE 
PER CENT 
IN DRT 
(feet) 


AVERAGE 
PER CENT 
IN TOP 
(seconds) 


MAXIMUM 
PER CENT 
IN DRT 
(feet) 


MAXIMUM 
PER CENT 
IN TOF 
(seconds) 


4 


0.1751 


0.1758 


0.67 


0.49 


5 


0.2260 


0.1135 


0.93 


0.51 


6 * 


19.734 


20.092 


41.14 


38.30 


7 


0.5498 


0.8586 


2.02 


1.78 


8 * 


0.0986 


0.1117 


0.42 


0.34 


9 


0.1396 


0.1743 


0.72 


1.02 


10 


0.4749 


0.7935 


2.03 


2.89 


11 


0.0777 


0.1118 


0.50 


0.44 


12 


0.1102 


0.3033 


0.48 


0.86 


13 


0.0526 


0.0892 


0.13 


0.76 


14 


0.1050 


0.1937 


0.32 


0.67 


15 


0.1075 


0.0456 


0.26 


0.18 


16 


0.3688 


0.2456 


1.58 


1.15 


17 * 


0.0521 


0.0977 


0.20 


0.62 


18 


3.3773 


1.6483 


27.34 


9.20 


20 


1.1159 


1.5200 


7.46 


10.32 


21 


2.8479 


4.9681 


8.62 


23.81 


22 


3.5271 


1.5409 


28.23 


8.40 



* used invalid drag and mach coefficients 

TABLE 3. SUMMARY OF BALLISTICS TABLES VS. FORTRAN RESULTS 
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C. EXPERIMENTAL DATA VS. FORTRAN ALGORITHM 



Experimental data gathered by bombardiers from Naval 
Air Station Whidbey Island at Boardman bombing range is 
given in Appendix C. Because the ballistics table and 
the FORTRAN algorithm agree reasonably well, the FORTRAN 
algorithm was used in place of the ballistics tables for 
convenience. The down range travel and time of fall were 
calculated from: 

1. The experimental data. 

2. The FORTRAN algorithm with the old drag coefficients. 

3. The FORTRAN algorithm with the new drag coefficients. 
The calculations are described in section (5.B.2, Wind 
Effect), and the results are summarized in Table 4. 

The substantial discrepancy between the experimental 
data and the results of the ballistics algorithm cannot be 
dismissed. Because the ballistics algorithm's down range 
travel agrees with the official Navy ballistics tables to 
within 0.2%, the 12% discrepancy in DRT leads to the con- 
clusion that either the instrumentation on many different 
aircraft indicated erroneous readings, or the behavior of 
the weapons is substantially different from the behavior 
described by the ballistics tables. Additional data under 
more precise initial conditions would have to be gathered 
before any definite conclusions can be drawn. 
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- 


OLD 

COEFFICIENT 


NEW 

COEFFICIENTS 


AVERAGE ABSOLUTE 
DIFFERENCE IN 
DOWN RANGE TRAVEL 


247 . 00 


247.00 


AVERAGE ABSOLUTE 
DIFFERENCE IN 
TIME OF FALL 


0.1299 


0.1573 


AVERAGE PER CENT 
DIFFERENCE IN 
DOWN RANGE TRAVEL 


11.973 


12.435 


AVERAGE PER CENT 
DIFFERENCE IN 
TIME OF FALL 


1.659 


2.091 



TABLE 4. SUMMARY OF BALLISTICS TABLES VS. ACTUAL 
DELIVERY DATA 
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VII. CONCLUSION 



The radical cost reductions in computer hardware 
brought about by large scale integration (LSI) have intro- 
duced an opportunity to construct micro-computer based 
airborne tactical systems which reduce the hardware costs 
by at least an order of magnitude. To establish the 
feasibility of constructing such a system requires that 
two questions be answered in the affirmative. 

1. Is the computation sufficiently accurate? 

2. Is the computation fast enough to satisfy real 
time requirements? 

This study concentrated on the first question. As the 
results indicate, the 16 bit floating point mantissa is 
sufficiently accurate for the ballistic calculations. 

As a byproduct, the BOEING-Naval Weapons Center algo- 
rithm was compared with the published ballistics tables. 
Although some of the weapons displayed close agreement, 
others revealed substantial discrepancies which remain 
unresolved. 

The most significant and unexpected finding is related 
to the experimental data generated by the bombardiers based 
at Naval Air Station Whidbey Island. If the initial 
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conditions recorded by the aircraft's instruments are used 
to predict where the weapon would impact the ground, then 
the ballistics tables predict that the weapons land con- 
sistently more than 10% short of where they actually landed. 
Either the recorded initial conditions are incorrect or the 
ballistics tables do not predict reality for this weapon. 

Although the micro -computer is substantially slower in 
executing arithmetically complex tasks when compared to a 
mini -computer, several micro-computers can be used as 
dedicated machines for specific tasks. Such a distributed 
system can operate sufficiently fast to solve the real time 
problem. 
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APPENDIX A 



This appendix compares the results of the FORTRAN and 
PIM versions of the ballistics algorithm. The absolute 
difference in down range travel and time of fall is 
presented. 
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PLM VERSION FORTRAN VERSION 

NPS MODIFIED NPS MODIFIED 

BOEING ALGORITHM BOEING ALGORITHM DIFFERENCES PER CENT 

DEG TAS ALT TIME OIST TIME DIST TIME DISJ TIME 
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APPENDIX B 



This appendix compares the NAVAIR 01-lC-lT-l Ballistics 
Tables with the results of the FORTRAN version of the 
ballistics algorithm. The difference in down range travel 
and time of fall is presented. 
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NAVAIR 01-lC-lT-l NFS MODIFIED 

BALLISTICS TABLES BOEING ALGORITHM DIFFERENCES PER CENT 
DEG TAS ALT TIME DI ST TIME DIST TIME DI ST TIME 
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APPENDIX C 



This appendix is a listing of the output from the cockpit 
of various A-6E aircraft recorded at the instant the weapon 
was released. 

The following is a brief description of the parameter 
headings as they appear on the listing. 

TAS »» true airspeed in knots 

TH = true heading in degrees relative to true north 

WDIR = wind direction in degrees true 

WKTS = wind speed in knots 

GT = ground track in degrees true 

GS = ground speed in knots 

RA = release angle in degrees 

VZ = vertical velocity in knots x 10 

VSEP = vertical separation in feet 

DA = depression angle (search radar) in degrees 

SR = slant range to target in feet 

TOF = time of fall in seconds 

HIT = his distance from target in feet 

AZ = hit azimuth in clock code 
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APPENDIX D 



This appendix contains the output which compares the 
experimental data with the FORTRAN version of the ballistics 
algorithm using the old set of mach, drag, and weapon coef- 
ficients. The weapon used for this experiment was the MK-76 
MOD -5 25 pound practice bomb. 

The coefficients are all assigned in the DECODE sub- 
routine (see Ref. 3 for further explanation of these 
coefficients). Both sets of coefficients, old and new, 
are simnnarized here for the reader's convenience. 



Weapon Coefficients 



Old Coefficients 



New Coefficients 



IREF = 2 
IBOTH = 1 



IREF = 2 
IBOTH = 1 
ITYPE = -1 
DMAX = 6.0 
CFOBMl = .1064453 
CFORM2 =0.0 
DKGl = -.0043918 
DKG2 =0.0 
DM1 = -.270 
DM2 = -.270 
VMUZ = 0.0 
FN = 0.0 
VE = 0.0 
SL = 0.0 
DS = 0.0 



ITYPE = -1 
DMAX = 3.0 
CFORMl = 0.0039077 
CF0RM2 =0.0 
DKGl = 0.0063648 
DKG2 = 0.0 



DM1 = 0.0 
DM2 = 0.0 



VMUZ = 0.0 



FN = 0.0 
VE = 0.0 
SL = 0.0 
DS = 0.0 
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CT(1,IB0TH) = 0.622 CT(1,MSTG) = .27 

CT(2,IB0TH) = 0.885 CT(2,MSTG) = .52 

Go to 51 If (IBOTH.EQ.l) go to 51 

If(IREF.EQ.l) go to 51 




f 








Old Coefficients New Coefficients 



CM 

CM I cn 

I M I 

CM W in W , 
n<f*<fcnoorHvor^cM 
i-4CO<tOr>»vO<tCMCX) 
i-40vO<t<f>^CMCOvO 

<tcn^^o^r^vocno<f 
OCMvOi-HOi-<CO *<fCM 
rH *rH • »CM *00 

• I *1 • I I CM o CO 

II II II II II II II II II rH r-^ 



CM 



O 
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CO 

s 



ooooooooo 

C0C/3MC0C0C0C0C0C0OO 

SSSSSSSSSHH 

*>C/3 CO 

i-(CNJCOt-4CS0Oi-<CMCOSS 

1 — I 1—1 rH CM CM CM CO CO CO rH CM 



UOOCJOOUOOOO 



CO 



CM CM CO 
O O O 
CM I I I 
in<f<tcoooi-HWWW 
rHCOMl-Or^vOvOinCM 
rHOvO<J*<}-<t<tr^OO 
<tCOr^CJNrHvOCMCMvO 
OCMvOrHOrHCOCOMt 
rH *rH *<f •COO<tCM 
•O *0 *0 • • *000 

O io lO ir^CMCMOCO 

II II II II II II II II rH rH 
II 




rHCMCOrHCMCOrHCMCOrHrH 



rHrHrHCMCMCMCOCOCOrHCM 



OOOUUOOUOUO 
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184 



MK-76 MOD-5 WITH OLD COEFFICIENTS 



Oh- rOvOO'inNtr<'i0^romrON4-oooor^mr^r*^mc\jin<\Jcnoinr^r^oo^cx)or^NCinrorooh-o 
ck:oo «4-ooooO'^^ooroof^QOvONONOooa^Qof^o4>oufMnNOOor^oor^r^>0'-^^^^oooo^o 

cc^ •••#••••••••••••••••#••••••••••••••••••• 

LuO ir\c\jrnrONONOmroinf^ooQO>tO'4'rnvOfO>ooinc\i^>OinNOh-ufMnrONO'4‘'4"C^r^>t'4’r^h- 
I t I I I I I I t I I I I I I I I I I I I I I I I I I t I I I I I I I I I I I 
H- 
Z 

LULU ocooo^'4'Uf>avcsJh-<f0^inc\Jcsj>tr^>tf^'OfnhTOOf^rocv4f^ooi-«ifvjr^C7'NO^fOCNjoo>th- 
os: >o>jTOrooinvnr^>oro>OvOrocx)GO^h-f\Jinro^r^^oocvjr^inro^^inNtfvjrooooinNOOh- 



cx:k 

LU 

0. 



I I 



t t t I I 



I t 



1 I t 



)^^O^O^OOC\J^ 
I III II 



t/)h- ••••••••••#•#•••••••••#•#•••••••••##•••• 

Luoo ocNj'4Tnoor^^or^c\jGoc\j(7v^Ovorja^<Mn<fooroof^vor^r^h-c\ja>rvjf^NO^oroa'h^>^ 
Ohi ^o^o<^ioo^(^i^ooo^^tr^f^Jf^^Of^JLf^fMr^^oa'^^^o^ooor^'^^o^c^Jc^ln^r^^ocMmooocx)>4■ 
ZO co^fvj^rorocMfNJrocnrornosj^ ^csjcvj*H<Narnc\j^cvjrnc\jmc\jcs4cvj^c\j^^rnro^^rnm 
UJ I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M I 
a: 

lU 

LULU inm<f>4“0>dTO>Of^oocnooc\Jf0^f^infvjc\Jro^O^>oa>0'^ao^^cM»-4c\joinro^un>o^ 



OH- oooooooooooooooooooooooooooooooooooooooo 
I II I I I I I III III I I I I I I 



X 

QH-H- 

luhhoo ^c^ooo^^Ju^<^:f^oornoL^^o^o^our^<ru>^r^c^JC^^OQ□^c\JO^Mr-^o^-^o^^^o>rc^^o^^^•fVlr- 
cx)r^c\i^>oGO>tfMinO'^oo^r^ina'^m^^'^roror^<MOH-fvj'4*'4Tor^^f^oooo^oo 
LLOO OsO'COc^JO'4■c^i^-c^Jmc^J(^4lf^ro•-^^o0^o^-OGO'4•ln^r^^j•^^oroQO^ooo^•0^r^c^oocoo^ 
vOLninsOinu^srLninininforornroroin<f>4-^in'4“>t'4'iriLninro<fnr<^rorONi-ro>t>rrnin>t 

Q-J 

o< 

X 

o 

^/)Zuj inin^>tONOrONOroc\jf^cNjoocn*^H-Lnoo(\Jh-^>j-.-«NO^'4'Oao^^cMONrvjoir\r^om>t>o 
q-h-» 2: soocor^ocoa>*-<fMQOrn^NOa'OH-ro^a>vnofoa‘oroir\rooc\jr^>or^vorocor^oc>f^r^ 

ZLU»-» 

OK C^Oa*Oa'OOKa'OKOOlnLn^O^OlnoO^•KOOCO<X)KCOOOOOOO^OOO^-K^-^-^-^O^O^O^OKK 
CO 



X •••••#••••••••••••###••••••••••••••••••• 

c^KK ^fMrornocN4rorninm<x)K'4"»-^rnoNOcoa>Kc\icM^^a>NOO^ma>c\jino«-<oro^*4-a>^ 
Lu<(yo ^^j■t^10^cx)»-^KCM^o^oooo^^mnmroooKoa'f^<l-^^•^ooo^Olnf-^^omK(^Jur^a>mK^r^ 
>Q*-i ^ooco-<mNj->o>to>o>o>o^KrnroGOroinOro^inKa'h-'4'UfMr\Ooooch^oofM^^KfM 

oai 

Lursj 

Oiu 

UJ 

-Jo: oooooooooooooooooooooooooooooooooooooooo 

<LLLU OOOCX)'OKOOOO>J*OtnrOKC30vOKCVJf\iOO>00'4‘OOOinNO^OCVJKinC>NOfM'1'0'OO^Oa> 



KLUhh a>C^a>OO^OKO^OCXDGOUMn^OUMnOOK^-OOCX)CX)KCX)GOOOcXD^OCX)KKKKK^O^Oh•^OK^- 
OsOK ^ ^ 

< I 
< 



K a'mrsjinoO'OK>ONOcvjoK«-ioo>o^rn^cx)inKK<fc\JO>oo^KNi-a^^K.4-a>K^ooK 
j oo^Lf^^cx)KOLn^oc\JKOO^o^ur^a>^o^^-ur^uf^c\J^tOl^^<^^(^Jc\JO^^cx)K^J-^J'0^ 
< m^'4' NOroc\iKro>to>a>'4'tnNommOKa> ^0^00 0^0 ^oina^o^Goa>oooooKKH-oa> 

1-^ 1“^ 



oo f-HcoK>oroc\j>j-H->j-«-40oinc\joo>o^^o^un'nnojinminr-4c\jooo^>o^'4-^avvOOKH- 
< c\JKKh*'OooKKKina'^NO>tinmcNJ>4-rorocmn>tc\jc\JOOh-KCMf\jcvjrommromfvjcMOO 
I— -;frorOfOrofnfnrOrO'4TO'4TOfOrorO'«’rorororof<^onrO'4-'t'lTOrOfnrOrorororO'iTOoo«4’fO 




Oil II 
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MK-76 MOD-5 WITH OLD COEFFICIENTS 



nc 

OK inoo^f-^r-Mro^Lr\oooorn^r^^a^sOO'0(\iooinsO'00>t'0>ttnina^coa^(\iKCNjro>j-^>i- 
c^tn K CO K ro %o ^ 4 " o 00 o o <\j (\J 00 in ^ f-i< 7 v so rn »-i '0 0^0 >000 O' stcvJvOK 00 Kro 00 %o O' 

oO— • •••••#••••#••#••#•••#♦•##•••••••••#••••• 

I I I I I 1 I 1 I 1 I 1 1 rn 1 I CNj I I I I I I ^ 1 I I I I 1 I I I I I 1 I I I 
K I I 

2 

LULU cx)oa'^a^'^infvJcO'4*'^OKfMO'CNJininc\jKO^Ocx)c\jrg>t>ta^^c\joooLnKooK>o>t 

03l ^c\jx0^inrsJc\jrnooro(\JinOrO'4"inoo'ONO^roroo>>oooKoo^ro»-«'^oo^c\ioocnrnrnfHin 



f-M^O(\JOOOO^^OOC\JOf-^OO'-^OOO*-^OOOOOOOrsJ^*-^.-4OO0>IO^OO 
LU I 1 1 I I I I I I 1 II I I I I 

a. 



OOK #•••#•#••••#•#######•#•••••###•####••#•• 

LUoo m(\ja^o*-*K^in^roK^c\i^'^inf-t(\j(\jKoOf-i>oo'Om(\JO'C^>^rnoo'^0(\JOroocoro 
Oh-< '4-f\j^cvjo'Csjf-ioo-^NCO''Oro^>ornKN4"f-i^c\jc\j>i->tinK^O'Kir\oorsJO'*-»Ka^a^inKLr\ 
2 :q rg<Nj(\J^^f\irOf-4ro--^^CN|KKc\jrsiKf-ic\i^rsj(\jrsjc\jKrsjrnrg(\jf-t(\jc\jfsjrgrO^(\i(\j(\irsj 
LU I I I I I I I I I I I 1 I I I 1 I 1 I I I I I I I I I I 1 I 1 I I I I I I I 
a: 

UJ 

LLLU oo>ooomrsjrsjrsjmf-^(\j'4'LnrorO'4"K'4“in^c\jf-»KinKKK'-^cnoo-^mo'fMKoorn*H^>j“ 
LLS ^f-l0^0000^f-»00f-»0^00f-»000*-l0000000»-«f-if-»000'-'0f-<00 
►—•►—I ••#••••#••#•••••••••#•#•#•••••#•••••#••• 

QK 0000000000000000000000000000000000000000 
till I 1 I I I I II till 



X 

QKK ###•##•#•••••##•##•#••#••••##•##•####•## 

iu*^Ln o^o^^•ro^>j“C^o^oc^•c^JLf^osJ^^ooo'^oo^/^c^^^•^oooc30coOf-llnKoou'^-<^io□oo^rK 
lnKK^tc^Jf^'4“'OooOO^Olf^oc30^o^OKOa^o^a>lnK^^-c^J^o^^'-^<^^o»-^m>o^o^i•»-*o^:^f-^ 
iLOQ ^0(\iNi->t>t'-^'-*fOfviOroo^'4*<NJK>1-rn>trsjf\jrn^C>0'roO'-*Krsjoornincsjf-»Ntrvi^'-» 

Q-4 

o< 

o 

(/)XLu o o >o 00 m 00 CO (Ni in 00 m ro K ' 4 “ K > 4 “ m (\J O' ro in KKcoo^m 00 CM ro CO K < 7 ^ ' 4 " 
,-ioocorsjininKoa'K^N4“rsj>toO>ta'Krooa^CMninrsjcMKrooinocno'KfHOooco 

ZLU*-i #••##•••••#•••#••##•#####••••######•#••• 

OK 00 000000 OOOOKKOOKKOOKOOOO 00 OOOOKKOOOOKKOO O' 0000000 0000 OOOOKKOOOOKK 
CD 



(^KK >4“(NjcMN4“*-»f\i>tinKrsjO"0>4“Oincsj-^ooorOfno^>oinroO(\jooinooKKinO'(\jf-ta'cvjO' 
LU<oO O0'0'>0f-«<3>0N4-0'K0'0'00>0'4'KOCNJf-^KCMrsJOCM0'O00r00000^r0r000>4->t^inrsi%0 
>Qh-< ^rsj'4"invO<3't‘f0'0rn—<infH>0K>4“in>0inr0inin>0'4*>0(\J'0rnrn00ino>0Kinr0K>t'4T0 

Q in in^' 4 * ’ 4 “ ' 4 ">t ' 4 * >t 'd* >^<f' 4 TO' 4 “' 4 *> 4 “' 4 *' 4 "' 4 “ 4 “ s 4 ->t > 4 - ' 4 "> 0 ^inin^ > 4 * vO' 4 * ' 4 * '^' 4 * 

-JLU 

LUM 

olu 

LU 

-Jo: 0000000000000000000000000000000000000000 

<LLLU Oino<Njcsj'a'OKrsjoooO'-'rorsi>ooornooorn(\jooininrarOKCMO'N4“*-^roo>ocM(\joooo 



KLUh-^ OOOOOOOOOOOOKKOOKKOOKOOOO®OOOOOOKOOOOOOOO®0'CX)OOOOOOKOOOOOOOOKOOOOKK 
O^K 
< I 
< 



K O*4'OOa'C\Ja'CMCX)OK'4'Kc0>0O>0r0K'0 0'(\J-^Kin>^0'00rsJinKNtC0'0^Of-ir0K'4- 
-j ocvjO'a'in<3K^cx5co(\Jroinc\jO'a»0'f-^>orsjooO'OsO>t<30rsjin^inooovnororsjOrO'4" 
< a'f-»0'0'0'0'®o'0'ooo'0'ooooo'Q'00'C'0'O^G'Oc\jK^fHoooo'oa'C'Ooo'a' 

1^4 f— ^ ^ 



to rornoo^*aNfvjK>i“a' 0 'Ocx)>rc\j'-^cMin^rsjON 4 -inc 7 'rn>t®^rnoor-^ooo'Ooor-^incooo^*-t 
< a'in^^st'4-ininin>j->t'4-inr-^rsicvjfM(\jrnin-^cvjrnc\jc\J^s4-OooK\0<Nj(NJc\jfMf-4,-40-<^ 
K rororO(^ro<^rO(^rnnnrororn'4*rnrO(ri<r^rn<t^(r^(rirorOro>t’ro>4“rororo^rorororororororo 
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MK-76 MOD-5 WITH OLD COEFFICIENTS 



OL 

OH (\io*^>tmo>i-vO'Ornoin>oo^>i-ooHCNjo*-<sr'-<OHHooOf- 4 oo^oo>m>i-*- 4 a'OcomHO 
o:co vOO'OirunHinooc\jooo>t(Noo(\i>tf^»-<>tooH^oo^>r< 30 >OvOOror-i>Of-i>omr*-ONOm 

Q ^^-4 ••••••••••••••#••••••••••••••••••••••«•• 

ujQ tn' 4 Tn>t>om>t>toa>CMn' 0 >oir\vor-o»-‘oovOif>rri>ONO>rro>i"'tooNO>i*' 0 >t>OHmir\(\j>o 
I I I I I I 1 I I I I I 1 I I 1 1 1 I I 1 1 I I I I I I I I I I I I I I I I I I 



LULU roo 0000 0^0 f<^moinoo(\ioo O' nO*-< 00 ^ 4 “ GO ir\>o^^'Oirun 00 CM^cvjo(\i 

ox O'lfM — 4 “oo>oc\j>o‘^roo'f- 4 (\iifN^cnr'-oc\js^Ho^>oa'c\joooo>o*-« 0 "Om^oo>oo^<\i 

H-4 •••••••••••••••••••••••••••••••••••••••• 

QCh- O^f-4OOf-4^OCNJ(\lf-4.-iOOOOf-4f-ir0OOC\J^OO*-i^OO*^f-4O(N(\JOCNjOO(\jO 
^ I I I I 1 M II III III I 

a 



(/)l- ••••#••••••••••••#•••#•••••••••••••••••• 

Lu</> f-ioro^mo'<Nif>ooooH^oor-ooH>rO'0'inoof\j>rO'a'm4"0'>roo>roo>roooo<\iO'ooin 
(Jhh 4 ‘*^>oO'f<^>oO'-^»-«^*-<H*-^NOroc\jr-f- 4 in'OroHHrnHOHomroooa'oo>o»-<Oi-HOC' 

lu I I I I I I I I I I I I I I I I I I I I I I r I I I I I I I I I I h I M I I 

QC 

LU 

li-Lu HCNjinror-moir\om'-‘'OrsJin<fmc\jh-of^tr\mo'Or-Oif\OOf<^a'coa'Hfoooo>o>0'-^ 

O-X 0 »-«^ 00 ^^ 0 C\Ji^f- 4000 O 0 ^ 0 (NJ 00 »-«f- 400 *-<*-« 00 *-« 00 ^^ 0 »-« 00^0 

QH oooooooooooooooooooooooooooooooooooooooo 

I I I I I II II III III I 



X 

QH H 

LUi-»co inrooomo'^^o>tU'^<\iinQoin>tHHNO»-«' 0 *-<(NOOcoooof<^'-<(\icomrnro>r<\i>oooo 
ooif\oooHfomcvjOfncvjc\j>oooomO'mo>tcvjc\jmf-i^m>omoosoO'c\jr-a'>ooinrno' 
LLOQ c^Jc^J^4•c^Jlfu^'4'>i"*-^mc^J^^^omlf^^•lr^fH^o>tooo'm^O!r^>l"0^t^-0'>rlnoo^tw^moc^ 

Q-J 

o< 

X 

o 

LOZLU r-c\nnfOH!r>oinoino'NOooin>tf^oornvoroinfoo>rmotnoor-^ooa'r-Hc\j>t'0'00' 
CLt^x, Hoo^o»-^oo^o^oco^tln^o>toooolr\a^O'om^•-If-^^^oooooo^•^oc^^m• 4 •^o• 4 •^>toolf\ 

ZLUh-i 

OH HH0000H000000HNOirun>OHHsO>O>O00>O>OinC0a'HHHH00HH00HHsO00>OHNOin 
00 



^org^glr^(^lOmlnc^J^-o^(\J(t^mfn•-IO' 0 >tH%^• 4 •'Oo>ooc^J^goo^oo'>o^o^o•-^^^• 4 •>i•l^^^-m 
iu<co c\j>omO'.^ornrocgmfno'oofri<4Tnf-4.-i^>oooo>0'>ooo(NjmNO>o^>oOf-i>oinHOHc<^o> 
>Q*-< l^>^-^omooH^o^O>toomc^J^o^“^-^-oooc^Jlr^^o»-^*-^c^JHoo^-oc\Ja'Oc^JH^-^oo^-lr^^*-^ 

OLU 

LUM 

OUJ 

LU 

oo: OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

< 11 , LU HHifN*-«oomooo>oHNoma'ooir\.-^ooofn»-^ooc\jHHHooHooOf-irsjmH>om' 4 *H>o 



HlUi-i HH 0000 H 000000 00 >Oinm>Oh-H>OHHH>O'Olf\ 00 O'HHHH 00 H 0000 HHv 000 v 0 H>Om 
0 >OH 
< I 
< 



H >OOOC\J^>OOOmCsJ.-iCVJC\Ja'0^^0'0>1'>tH^^CVJfnoOOO^OO'OOHOOHOOHC\JC\jrO>0 
-j <\jro^*-«m>ooa'c\J^>i"a' 0 'm^»-itnoo'»^oo*-<a'oooo(\ivom>tooma'fnc\j' 4 "'OOHCNjco 
< 0 ' 0 '.-ioa'Ooo' 0 "Oir\>tma'OHHaoo'irMn^O'^ooa'ooo'^a>ooooa'HOHHH^ 4 ' 

f— If— I r— I f-^ f— I f— I f— I 



CO o>tc\i>i-^(\i' 0 in>j-inoifyHv 0 rn(M>t<\ic 000 H 0 'O^o*-HHv 0 f 0 ^^ 0 ' 00 HH 0 '(Nin^>i" 
< fOCNj^o> 0 '-«cvjcNjrsi>t' 0 ^m^H>t>t>troifNvOH^^ 4 “> 0 'Oin>rmcnifun<Mncorninoooo> 4 “ 
H mroc<imcvj<v)cnm'4"(^mmm>rcncnmrnmcrjrom-4'fOcnrorocnrO'4“f<^cocornrn>trncorof<^ 
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MK-76 MOO-5 WITH OLD COEFFICIENTS 



OK- o^corsjo^ooO'Ofno^(M^oo^^oo^^c\jinf^^mc\j' 4 “r^>trnr^cMONOO'mro.-i>ta'r^»-< 
0^00 '^sor^r^c>^omrnh-mo^NO«— iirN^LT»r^>t*<jh*c\jo«— c^c^JcD^colnf^ 

CtCHH •••••••••••••••••••••••••••••••••••••••• 

uuo ' 0 ^' 4 "^fnr^cooooin^^h-NO' 4 "'OrnfO<f m^^^^oc^^-c^coc^>r^lrun' 4 “^o^;^ra^O' 4 "lr^c^JCM 

lllllMl^lllllcsJiili^llllllllllllll iiiii 
H- III 

Z 

lijuj ^f-*^sOcoorgo^cM'^ c^r-^1-l^ooo^c^^nh-o^-^-^ooooc^c^c\Jlr^co^ooo^Of^oo^o^•^^|m 
02 : h->o^NOO'a^fncMOfoo^r^oor^a'cooo<j-mor^r^Gorsi^>tor^mNoin'-toofn<NiOr-^so 



cell — 
LU 

a 




I I I I I I I I I I I I I I I I I III 



t/)h- •••••••••••••••••••••••••••••••••••••••• 

Luoo coc^OcsJ^o^^-<^^•^^^^^-cg^^oc\J^omf^c^|>^'fr>^^-^ooo^-cofmnl-lCMO'Oc^a'lr^^o.-l>r 
o»-i c\ia'»H^ooooro^ 4 " 0 '' 4 "OOorooocM^>or^^coooa^a'ONO'C^h-f^cMfnann^mcMi-iinmro 

Ui I I I I I I I I I I I I I I ^ I I I I I I I I I I I I I I I I I I I I I I I I 

CL I 

UJ 

Luuj ininfninooh-oocornrororOh-r^K-inr^'if“Otn'4''4-0'NO'--»fnO'4-cviinfn^ocofn»--»*--ifnco 
IL^ 00 ^ 000 ^t-< 00 i-l 0 ^«-i 00 ^ 00 C\l^ 000 ^ 000 ^r- 40 ^ 0000 «-» 0 i-i^ 



OK- 0000000000000000000000000000000000000000 

I I I I I I I I I I I I I I I I I III 



X 

Q H-’H* •••••••••••••••••••••^ •••••••••••••••• 

uji-K/) coofOc\jinf-iooa^'^o>^->r^c\ja^ONOOoooor-> 4 “»-Hooc\Jc\jooc\jc\j<Mnc\jm>omfnf\ii-i(\joo 
NO^jcocO' 4 "' 0 'OO^K-ococ\jfooo^o^<vi^irunf-iinocoinin^inr*-f^(NjininogcMa'mma' 
u-OO mf^|^^^^oc^^’-^co^-^^•-‘^ocMCM^^o^-co^ocOl-l(MC^ooo(^J^^OC^•-^cornc^co^-|^ooo^- 

Q_J 

o< 



o 

(/)2uj inmrnincofOOOrsJfnfOfnr-fnrnfmnr^sOomNONO'-t'4"0'h-o<j"Osjinro^OCMr-^a'roco 

^tcMOc^J^m^o^Of^oc^oQcoc^coc^f^^-^ooo<^^ooco^^^ooo•HCOCM^o^o^co^-^ 01 -lc^ 

2 :iui-i •#•••••••••••••••••••••••••••••••••••••• 

OH* sOcoooooco^•^-h-^-co^-^-^-cooo^-cocoooco^-lrunln^^•l^vr^oococo^-oo^-^Ococococo^O 

CO 



>< •••••••••••••••••••••••••••••••••••••••• 

(^K-H- 'Oa^cM^^(\j^ror^rsjo^^mrotnmcMi-ioOi-iooinmo'CMnOino'NONttncMxO*-»^-h-rocM 
Lu<t/) c^»-lc^c^^^<^om^o^coc^ln^coco^o 0 f 0 ^ 4 •<^o^^'»-l<^— »K-c^c>ja^O«- 40 r^>otnooom 
> 0 *-i ^-mm^ococMlA^ 4 "^^J<^c\J^o^O'Oln^ococ^ooOf^lA.-lr-^^olnfM^O(MfM^o^l^^^-f-l^^OOc^ 

^UJ 

OJrsi 

Olu 

UJ 

-icL 0000000000000000000000000000000000000000 

<LLUJ ^roa^CMf- 4 >Or^h-' 4 "OOOCOO^C>OCMr^r-CMCMnK-^ 0 '^ ^-OC^OOO^^O^O(\J^^^^O^^OcO 

Z> X 

kujh-i ^ooo^•cooo^*-^-^-^-co^•^-coc^oooococococO'Olr^mlmnlmnco^-cor^oo^-^ooocococo^o 
o^ol— 

< I 
< 



^ i-i^fnxOroc^rn>tcM>tcoK^ror*-«-<a'OcoNO^in 4 *cocMh-fnocorn'Oro«-< 0 ^r^^' 4 "Oc\j^co 
_i ^^oomm^ocococ^coaDf^<fC^oolr^cooomoa^^oc^c^^ou^o^•«-|fO' 4 "^ooo^oO' 0 ^or^' 4 ■a' 
< ^oc^o^o^c^cooocococ^oo 0 ^c^^-^•-•c^O'OOc^' 0 ' 4 '^r^^O' 4 "lAa^c^c^c^c^oo^ooooo^-^o 

,^,pH f— ti— I li-M,— I 



00 l-l^lnc^JC^ooc^^^-' 4 "^^l^rsJ^•c^ogmc^m>^-Ofn*-^^cM.-l^of^c>sJCMC^CT'C^^^^|^-^^^->ro^• 

I— fOrnc<^rnrnrOfn(t^(^fOfn(^rn' 4 "fn(t^<tirnmfn<^fO(ri(r\(ri(r^rOfnrO(r^(T\(r^(Ty^(r><rirrifnrOfO 
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ct 

OK OinrnmcviNO^Qo^coa‘NOroLr\ocMKo>^roooK>om^KrOi-Hr^irMnocvi^cvitnrooocD 
a: 00 OvOK<vjrooo^<r^ON<ro<Mnc>jcvicsi>ocMocMLrvoMnNO-4’oo^rom.oroo^c\jr-4Qoooo 

••••••••••••••••••••#•••••#••••••••••••• 

LUO c^JfM<^^>tc00^0^0'f0^0^o^00^^0^0^0lr^^0cn^-r0cvlQ0<rK^-O^tlr^K^t^t^^lr^^tmlnlr^ 
I I I I I I I M I I I I I I I I I I I I I I ^ I ^ I I I I I I I I t I I 
K I I 

2 

LULU >tfO>i">ocninO'o<f*-iOa‘Ooaooooin>t^ooa‘^cocMNOcvjcD>j-KNOfH'tmOv^-cNj^^«-<o 
02: KroO^^>f K^t^^c^^•^t^•uf^^-Ko^t*4"U^<^i^K^tQO^ocD^^ocvlr^JKO'^o^0^t^oo^O'rH 



Q^h- O*-4O»-H^>tCslCVJ>t^^OOOC\JCMCVJ<\|^fHr-^ON0OC\JOCVjr-l^»^O^O(\JrHOOOO^ 
tU I I I I I I I I I I I I I <\J I I II 

a 



00 K 

^ir\Kcoco^O'QO>tOKmKNOcvjOfvjmm>tKNONOO>ococvjmh-cMooKro>too^cnrorocvj 
2Q ^»-4Cvi^f-i<rcvjfvjCsi^r-icacNJ'-<CM^rn^<\jrOf-HCvj^^fOfvjOrONO<NJfvjcvj^fH^cv4fvicsJc\jc\j 
OJ I I I I I I I I I I I I I I r I I I I I I I I I I r-l I I I I I I I I I I I I 

QC 

UJ 

ULUJ oomoo<T‘vOinrocNJOooc\jrorOfONOmOr-i>tO'-»^rooo>oKO'tfvJcviOir\ir\K>trnONO>0' 
ULS O^OOOCM^^CVJfHOOOO.-^^^rHf-I^^OinO^Or0r-I^^O^O^»-»OOOOO 

QK OOOOOOOOOOOOOOOOOOOOOOOOOOCVJOOOOOOOOOOOOO 
I I I I I I I I I I I I I II II 



s: 

X 

okk •••••••••••••#••••••••••••••##•••••••••# 

Lu*-tco r^soOK>^cMmmro^ONr>ooK>rNO^rsjo'CMQO>i-cvjcM^ocNjK>i-^Nr^(T‘rnr-NOOcvjcMO' 
aoa^fH^t^^tO'C^coooc^J^oo^Olr^csl4no^^t't^•^oQO^t^o^oKO'^0'r-lc^Jooo^lr^rvif^;c^Jm 

u-oo KooK<^i^o^ooo^^oo^o^Olnlr^^t'-^<^J^<30^•<^Jlr^oo^cvi^o^•OMnc^^-lK(^JU^K^oo^K^•^t 

O-J 

o< 



o 

oozuj Qoinooa‘'ttnKQOocvjoornKK>omoa^'Ooo'^rocsi>oKO>tcvjooommh-'OKooNON 
cLi-is: ^OKa‘0'QomcO(T‘OOf\jso>ti^KirivOONQO^rvjir\NO'4‘^rnQo^<MnmKa‘fn>^"irMrMno 

z:uuh-4 

OK ^fHOKKuvrMT\>tm>t't't>t'tmKKKcoc30vOKK>ooooooa‘a^irMr\moo^a‘0'a‘oo 

CO 



X 

c^KK ^0fviOC0Of0^00^00^0<^-tO»-HOK<^^0^^00^^Of0^-^0^0^00^Q0^0f0r-H^•^^]^0Q000Q0lr^ 
iu<</) o^toocvJOmooKcvJO'00^^^-ooc^J<30^tooomo<^J^t<^i^^tt^i^OrHOO><^J^t^oO'UMr^u^oo 
>0*-« C^OO^tlr^OrOCSJO^^•^-U^aD^O^OCMU^^O^O^tCOO^O^O^OKfOOOC^J^tC^>t^OO^OO.-^0^0^^0 
Q ir\oin<fstmrornc\jcvjc\jcNjf\jc\ic\jrnir\>tm'Oinrnm>t>t'0>ttninininrocnromvf 

UUJ 

Oirsi 

Ooj 

111 

-Jo: 0000000000000000000000000000000000000000 

<LLUJ ^o'Koa‘^Kin<vja‘OfOvOirkKNOKin^ooroOsO'O^OKroroNO>OKoo(\jmNOinmo 



khi»-h ^ooKKNOUMnm>tm<f^>t>tmKKoo(y‘CONOKK>ooooQooo'a‘irMnmoo'0>0'0>cD 

f-H ' 

< I 

< 



^rO<^JQO^tr-lO^Om^O^O^^-U^a‘C^J^tKO'Olnf^J'f CMrHO^lf'CVJOO>tQ'm<\JNO'0>t<MCMK 
^ ^0^^OO<^^Klr^^^C^K00r^*-^(^4^0^0OmKO^a‘G^m't^Kr0CMK^0^0^OU^C0Q'0'C^ 

< KK^•0'0'ln^t^t>tr0^0<^i^0^0f0^t00a^Oc^J00^0KQ0^0U^^0^K^^^t>tU^^tlr^f0f0f0^00^ 

r^pm4r^ 



00 xOKii^f0^rrooocMOooo'OOrno^ooNO^^<r>tNO>trooNroinoo^fn^QOfvim>Cf-i^t't^ 

K (^(r>rororoiTifn(<)m(t^(^fOrn(r>roro>trororo>^rororO'1“'^"rOrn'trorn>tf^<^rOfOft^fOfOco 



o •••#•###•#♦••••••••••#••••••••#••#•#•••• 

UJ ^^o^ ^o 00 i-»o 000 00 ^00^^ ego— < 00000 ^^^ 00^^00000 
O I II III 
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cC 

Oh- '^fvj>ooh-o^rnr*^irirn 

Q^</> roorOi— ••-•0'Ooo>^fvi(M(\jOroo''^roh*OvO*-4 0'OvO'^'^'4"*-4«-ir^h*ooomorno^oc\jh- 

ujo >op^'^irMnco^oo^^-sOh*mo^mO'Oror^mrnir>>rir><hh-' 4 “'^uMnNOh*-^ma'' 4 "a'fMcooo 
I I I I I I I I I I I I fvi I I I I I I I I I I I I I I I I t I I ^ I I I >tr^inin 
K I I I I I I 

ujuj ooocornuMni-i.-»«oinco^4"a''4*>tcvK>i-io^>4'Oh-Ntr^^in^^>0'4'r*-fvimrnNor-h-Ofvi«-« 
02: •.- 4 h-comommco>t'^^'-' 0 >oco*-^>i"i^,-i 0 i^ooo 



Q^H »0000«-*^CsJCV|i^.-ii-imCVJ^0^00iri 

uj I I I I I I I I I r I I I I I I I I I 

a I 



COh“ ••••••••••••#•••••••••••#•#••••••••••••• 

ujoo ocn^<n«^ooc>>0'Oi-ifO'>i"a>r^'4'0'Ofvi'0(\Hnoi^o>oi^^i^c3oco^O'^«-im^cvicvjroro 
u»-» r^<\JO'fvi^mo>ororor^mfMirMnocsicvirnfvjirMno'fvJcoo*--»>ornmofMO>oa'^c>or^O' 
ZQ csim^r<^mc\jcM>tcMrnrncsih- 1 ^mc\j^c\jr-4,^fvi.-icM^rncvj^csjfMfnroin.--irnfvj^roc\i'^ 
UJ I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I (Vjrocvjcvi 
CC I I I I 

UJ 

LLLu mcsiomoo^^" 0 ^(\ia'co*-^i^a'Qom^fomr^^«-i>t'^>o^rO'Oa'oornr^ooo— ‘oo^om 
U. S 0^»^0 O O O ^ F -<0 »^f -^00 O O O CvJ O O O O 

H-M— i •••••••••••••••••••••••••••••••••••••••• 

OK 0000000000000000000000000000000000000000 
I I I I II \ I I I I I I I r I I I I I 



2: 

X 

QJ— 'h- •••••••••••••••••••••••••••••••••••••••• 

uji-u/1 ^-m.Mm^comNOrnfvjNr'4'*-‘mrnro— ^c^J^t<r^^ocvJ^no^oo^ro^•fvJ^^^-'J“^of^JOf^JfM^1- 
cn>or^'OOcocMrMr\com'^m(MO>omom^OfviO<\jmmoiriNtcM^msO'--iooa^o>coO'^ 
U.OQ (ViomcMsOin— icjcjosi^Nt>Ofvi^cMNtrnmroo^a' 000 — iooo>o% 4 “>^-mfMinrocornu^o^fM 
hhO >r Nt'^>0'0'OmmirMnmNtm^4"(Mrnrnmrorn>t>t>f 
O-J 

o< 



o 

</)2:uj mooom(M>tONt(vji-i(M^i-ia>oomNtf<^irM^i-i^^^ocM^^t«-«fvJh*f^oooa'coa'Oh- 
Q-»-»2: co^-^^^“.^^-coc\lc^oc^JO'^lrMnco<^JO^MC^1-llr^f^^•^-co^o^o«-^c^c^oco^t<Ma‘co^O'4' 

2UJH-I 

OH HHOOC>Oa'COOOOa'COOOHH^tmNO>0>OmHh-r*HHHCOHOOh-HCM^COCONOHCOHH 
CO 



X 

oiHh- Hoocsi>omNO^t'--to^rnsOcoo^OHfvji-i4"0'>oc\jom<viOOc\jf-iO'mrnNto>o.^rnc\jNt'OH 
uj<oo ooO'*oooNt<hOcMoo^fvih-moomh*HrgNOro>OHoom^>o^fvJHmr-mr-HooooooohTn 
>qh-i mmmiria'co^^-H^'Om>Ornfvjh-m>0'4"m'4'0^<Mc\j<\i>tocvjooHHooh->Oh-»-iir>coi-iH 

-JUJ 

UJKJ 

OUJ 

UJ 

-Joc 0000000000000000000000000000000000000000 

<ILUJ c^a>Ol^i^o^-^•^ 0 '•-^^oom'^’l^>o^-^ 0 '<^Jcoom^•^-Hooooo 1 ^o^c^(^J^o^oococ^JOc^ 

O X 

HUJI-I HHOOO'OO^OOOOOa‘COOOh-H't>ONOmOiriHHHh-r*COCOh-O^COCOOOCOCOOOHh-COHh- 
OnOH • 

< I 

< 



h- O' <4“ fO 0 1 -^ CM •-t ro CM '4'H CM -4“ m CO H ir> 00 O' cn 1-1 CM >0 O 00 O' <f H H O' fvj o >o 

l-^c^c^m(M^Hc^om(MoO'4•cO'4•ooo^oom%ovn^l-lCMlr^^t'OOlr^^ol^^cMC^cMCM^4•cMCMCM 
o O' O' CO m ^4• ’-•fO CM »-to c^ 00 00 m in nO un nO H 00 O' O' c^ O' — » c^ o O' O' 1 ^ O' c^ o 00 c^ o 00 O' 



00 ^nO'Ooo^^|^o<M^rlnc^^-^OlnHM“0''4"OlnOl-^ooln-4^^•o'moooc^^^cM^oO'Omroln^l-l 
< ln^^-lncMCM^^ln^^'4•^no^^rn^^cn^o^^cn^o^^-mcM^o^O(n^lnmoo>ommln>^•'4■mlnmm>o 
h- rc^ ro cn -4“ ^ rr> CO CO rost CO rococo CO corn corn '4* '4' CO CO CO corn corn CO CO CO corncob men corn 



o ••••#••••••••••••••••••••••••••••••••••• 

UJ ^r^OOOOOCMO ^000 Oin^OO 0000 00 00 0 -^ 0 00 - 40-40 ^00 - 4 ^ 
oil II I III 
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OK <^>i“Oroir^ooK^LfMr\o^aoomroKrn 

0^00 CT'oomo^r*— ^0^^•l^^tf^^o^•^CMnL^^-^ooocooo(^l^co^o^oroocoor^^ooooo^^^oo^ 

Q^»-< •••••••••#•••••••••••#•••••••••••••••••• 

LUQ ^-r-^cou^^K^Of^JOO•-^u^^^lr^<^^^lnfOlr^^Olf^c^c^J^^’oc^^^c^ooa'0^oc^JC^ooc^oo^o 
mm I I I I I I I I I I I I I I <^J>^-mmm<^m^^•^^’^^•vOoommmu^mmm 

K II I I I I I I I I I I I I I I I I I I I I I I I I 

2 : 

ujuj - <\J^-•-<ooc^^K^o^o^^r-lC^r^^om^O(^m^•^^Of0^0^r^^^^'fMC^mmc^>oo^-^•c^<^c^ 
02 : 'toom'Omh-<M<f^fM>oroO'^-morno*-<oom^Orno<vJ^KfvJOO^c\jmroo>OK<vj<\j^ 



ctK 00f-i000^<\jrsJ00CNjrg^0 000000^00 

tu I I I I I I I I I I I I I I I I I I I I 

Q. 



OOK 

Luoo (^JO^o^-^^JO<^o^^oooooo^-ml-^^^^•ooomGOoooo^o^oc^c^J<^<^J<\loo^-^0^-mc^ma^ 
Oi-i r-4r-4a^csji-i4*fMONOKh-cNj>0'0'-tooo^roNorn'^’0'Kinmoom^moooo>ocoom<f<\JroKfM 

uj csjrsj I I t I M I I I K I I I I I I I I I i-ifvjfNj(\j(\jcgcg(Njfvj(NjcgfncsJcsi(\j<\icgcNjrsj 

cc II I I I I I I I I I I I I I I I I I I I I 

ULJ 

LLLu m Kfom>j- %^i-ioa^<\jm 0000 <\imKcno»-iK>tooofno—<N^>o—<CM^cMLn<\i>om>o 000 ^ 
LLX ooi-ioooi-i<\**-^oo^«-<*-»ooooooo^ooo*-»oc«-««-»«-«oo»-i*-too»-«»-io 



QK 0000000000000000000000000000000000000000 

I I I I I I I I I I I I I I I I I I I I 



s: 

X 

OKK • 

UJI-HOO 0*-t>4“COi-»OOCslOCDm(MfNJ>0^^*--<Or-4NOO'^CM\jrnOOO>OC7'OsJOOO>0'4’<J'fOKrvirvjOD»-4 

U-OO orsimKmrnf<^o^<fcsJO^m>t'<?csJ^Of-ifvjOK^^'fM^rnmrnmmrnKomi-ih-coc^oOf-4 

O-J 

o< 

o 

oozuj KKrnm<f>ca'0^rsjm<\Joooom«-«rooc>m'OOooKO*-‘>4*<fKONr-comooom4'000^ 
Q.*-4X r-4m^o<^c^^^J<^i<^^<^'^‘0^>^“Oooa'C^ooooc^m^o^-f^<^JO^-mc^^4•^-^-mGOf^csJm4’oo 

2UJ*-« •••••••••••••••••••••••••••#•#•••••••••• 

OK KK 00 K>O'OG 00000 C 0 G 0 KG 00000 KKKKKK 00000000000000 aDa' 00 KKC 0 KKKKKK 
CD 



>.< •••••••••••••••••••••••••••••••••••••••• 

uj<to OKKfvjfvjKO^fvja'm<fm^tc\jmKfvjfvjoooooGOO(Mi-i>tKOO'-‘cn>0{\j^vOroomoomm 
>o*-H fOs^'h-OKm>omoo»-<o^mmKoommcncO'J’cvjo^Km4’mr->OGOKmorooofvjoo<\ji-irn 

^LU 

UJrsi 

OLU 

LLI 

-i(x: 0000000000000000000000000000000000000000 

<ULLU (Njmmmo^rn^OK^^-f-i>oro<vJooa'0^<3oa'0^mK>4"<\jmr*>ocx)OfnooKr-K^tro>omQo 

0 X •••••••••••••••••••••••••••••••••••#•••• 

klu*-h h-KGOK%o>OGOoo<^ooooKQOGOoor*r^r-.h-ooKooooooooooooooooa^GDr*r*-oor*KKKKr^ 
OvOK 
< I 
< 



GO m ^ csj m ro ^ GO CM o ^ <30 m GO eg o ^ ^ K o ^ *-• O' ^ 00 o K m o »-i 
m K <NJ m m eg ^ o m 00 a* o m o ro m vo 'J" CM O' >0 o m o o O' o i-i o 't" K m ^ m 
GO 00 O 00 K K o O' ^ O O' 00 O' O' r-i O' O' O' O' O' O' K o O «-4 O eg I-I O O' O' CM O' 00 00 O' O' O' 



CO ^^•egegeg^-oom<^egoo^O''-^eg^oooo^-oegoolnKm^m^J-^^o<MO<M<'^om^^m 
< m^o^^^^eg^^•omm^r^megm^^•mc^^^•^^•m^^•^-<^co^o^o^^-<^'^•^^^r^^^•m^c^'4•^t^'^ 

K roro^^-feiNrcei 4 -(nrnc<^cneg^rnfnrncorornrornfrirnrnrorncnrnrnrnfnrncnrncnreirnfeifOco 



o 

UJ 

Q 



I— <0 O O CM O r— 4 r— 4 O O t^O 00 O O ^ 0*~<0 ^000 

II II 




I I I I I I 



I 



« 



iki 
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cc. 

OH- ' 0 '-^ 0 '<Nj'OLnrovO^CMnmooh-mif\in«-ir^vOO^H“ogH-a'c\j 

a: CO c\J^-^oao^ooo^o<^JC^rsJ^OlncsJOmoo^oc^c^o*-^^j-»-lcnl^^ooco^-c^f^^o^ocnoml-lOsJmfo^- 

LUQ ^ooc^^O' 0 ' 4 -lr^^-tlr^cn^^o^oc^Jc^JO(^JU“^c^^ooC'^tcx 5 f^lnooc^Jc^JvOf-^^^^o^o^-^-^•vOln 
in I I I I I I I I I I I I I c\j(\jr^vO^ I I I I I I ^ I I I I I I I I 

H- I III II 

2 ! 

oioj for^>tcsjO'' 4 "inmoo^'Ocvj>tnjr^^f' — t'Oinmooaocornoocvj^-ivOrnooNOinoovONOO'rno 

os: lnf^«-^o'^oc^^f^c^o^•cO' 0 ^-coc^Jlno<^lom•^^oo>toc^J^^o^^•lnmooooc^c^•-^o^c^ 



«-K\jfOO 0^-1 1^00 in(\joocooo^H-mcninsoooro>Ofn.-i' 0 <\JOOosjoooo 

LiJ II |r-l||^^^||| \ ^ lllll 

Ql I 



COH” 

UJ 40 GOincsjin>or^i-tmovj-.-i^vOOH-inoorsjm— «co,-i.-iH-cnoinH-o^vOoo— icvjCMncsJONOcn 
Oh -4 OfO^Oln(^J^omoocsJ^o^o*-^oOlnc^J«-l^o>t^O^O^*-^^-^-*-^^^Jc^Jln^-loo^^QO^•^-o^J(^JrsJ^o^oln 
20 m I fOCNjosJ*--<Osji-«<NJ(\j^csj<\jc\jh-aDCDroH-in«-i cn*-<cnm^CNf«-i i osj^^csjcsj^cnrocNjcsj 
tiJ rsj I I I I I I I I I I I I I (\jc\j II I III I I I I I I I I I 

a: I II 

lU 

LLLu rsJH•^t^-lnc^c^o^-oo^^Oln^^•oc^J^OGorsJOO^t^•c^c^>t^-*00^-<^JCMnOlnln^-c^J^-^- 
LLs: ^f-i<\joooo— «oo<-ioo>tH-oo^oo— ^ln.-l(^Jo^^oc^ln<^J.-lr-l^oonJoooo 



QH- OOOOOOOOOOOOOOOOOOO -*0 0 ^ 0 ^ 000000^00000000 
II I I I I III I lllll 



X 

oi— ►— •##•••#•••#••••••••••••••••••••••••••«•• 

ujhhoo r- 4 fooom^o<^^Oln•-lco^oo<r-^f^J<MO V'^m<raDo>%oomNO^inH--*ooininc\j^(NJOOr^ 
O'4’ln^-lCMn^“0'a0C^^0C^J0'^0c^^-^0c^J^-c^J«-lc0^C0'^a0O0^^t^0ln^-l^-0>^-fn^0^0^0•-^ 

u*oo ^ch-r^cO't'^csj>t't>tH-inc\j<\jmh«H-H-o^a'Oooh-r^o.-iO'r^^roo^>ta''tH-— 
>tinrnromrO'i->t>t't' 4 -'^' 4 ->tcnmfnco^vOrnfn^cornroroinrnco>t<rin-tcoin^^^>t 

QO 

o< 

s: 

o 

U 02 UJ ooH-NOh-ino' 0 'Oh-ao>trnm>tOcvJf^c\j(\joo>tH-foa^%OCT‘OOH-ooMnoinu^rnoocoH- 
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APPENDIX E 



Thi,s appendix compares the experimental data with the 
ballistics algorithm using the new coefficients for drag, 
mach, and weapon type. 
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